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One of the m o s t  significant and interesting questions i n  astrophysics 

and cosmologv a t  the present t ime  concerns the number of neutrinos and anti- 

neutrinos emitted by a star during i ts  evolutionary lifetime. The answer t o  

t h i s  question depends i n  part on t h e  universality of the so-called weak inter-  

actions. Is the  coupling constant the same for all possible four-particle 

interactions between pairs of protons and neutrons, pairs of electrons end 

electron-neutrinos, and pairs of mons and muon-neutrinos or does the observed 

value on3y hold for those cases on which direct  observations have been made, 

namely beta-decay, muon-decay, and muon capture? 

C q l e t e  universality is huplied by the conserved vectcx current theory 

This theory has been shown t o  make of Feynman and Cell-Mann (195&, 1958b). 

correct predictions i n  a number of experimental tests by Bardin, Barnes, 

Fowler and Seeger (1960, 1962), Freeman, e t  al. (1962, 19&), Nordberg, 

Morinigo and Barnes (1960, 1962), Mayer-Kuckuk and Michel (1961, i962) and 

Lee, Mo and Wu (1963), but the canpleteness of t h e  universality was not 

directly i n  question i n  these experiments. 

o f t h e  par i ty  violating characteristic of the weak interaction i n  interactions 

involving only nucleons has been given by Boehm and Kankeleit (1964:. and by 

Abov, -chitsky and Oratovslry (1964) but the completion of further work oy 

these authors and of ccxupletely independent tests such os those underway by 

W'iffler (1964) will be necessary before even this extension of the universality 

Recent evidence for  the  existence 
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i s  accepted as valid. 

g o u p  elements on the basis of nucleosynthesis of these elements i n  an equi- 

librium process, Fovler (1962, 1963) and Fowler and Hoyle (1964) have suggested 

that there is  strong circumstantial evidence for the emission of neutrinos and 

antineutrinos i n  electron-positron pair  annihiletian a t  just the rate predicted 

on the basis of the universality o f t h e  weak interaction. 

Fram an analysis of the  isotopic abundances i n  the iron 

*- 

In Part I1 of t h i s  

present paper this suggcetion is reviewed and In Part III a brief discussion of 

the extent of neutrino emission by a s t r o n d c a l  objects i s  given on the basis 

tha t  this suggestion is correct. 

11. NEUTRINO EMISSION m G  THE EQuntIIwuM PROCESS 

I n  missive s t a r s  i n  the range 10 % < M < 50 %, Fowler and Hoyle (1964) 

show t h a t  nuclear evolution involving charged par t ic le  reactions proceeds from 

hydrogen burning v i a  the Cmo bi-cycle, through helium burning with the produc- 

t ion primarily of oxygen, t o  oxygen burning with the production primsrily of 

s i l i con .  

alpiia -particles with subsequent capture of these particles, the so-called 

pprocess,  leads t o  t h e  synthesis of iron-group nuclei with mass number A -50 

t o  60 which have the greatest binding energy and s tab i l i ty  of all nuclear species. 

A t  the termination of oqgen burning, photodisintegration into 

These charged-particle reactions proceed primarily thraugh nuclei which on 
- -  the average have an equal number of neutrons and protons, N = Z. 

g-process cames t o  an end a t  Tg = T/109 = 3.5, energy loss by neutrino emission 

leads t o  a mild contraction o f t h e  s t e l l a r  core and a s l lght  rise in tempera- 

ture  and density. 

capture, begin t o  play a role i n  t h e  transformation t o  nuclei which have a 

greater number of neutrons than protons, e.g., FeS6, and which are m e  stable 

than those with equal numbers, e,g., N i  

When the 

A t  this point beta-processes, positron emission and electron 
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the iroa-grarq, tibundmns are f h a l l y  d e t d n c d ,  does the material caspe t o  

the complete ts(uill'briurn corre- to the ambient t e m p r a m  and density 

QT -6 tba llrifed Of %be bet8-mSSe6 h @ O S e  ea addit%- 

- constraint? It has been cngpbasieed by Brrbidge, Burbidge, Fouler and H q b  

(1957) and Eoyh and Fouler (1960) that  the abundances of the iron-group 

nuchi 

show deFinite effect8 of such a rate Ilmitation, Figure 1 is adapted frollr 

33% (1957) and sham the excellent w e m e n t  between observed iran-group 

abundances and those calculated far equillbri\nn a t  T9 - 3.8, 

in the ISOM system (particularly, terrestrial isotopic abundm&e) 

It ie aammzd that solar-systeni iron-group nuclei are typical of nuclei 

produced In the 5-pmceae Just outside the Anploaing central regians of !&pe 

Il supermvae. These nuclei reside in the material which is swept out by the 

explosion of the mantle and envelope of the s t a r .  

such a short time interval that the quasi-e@librium abundances reached before 

the ~ lo~ian-explos icm are eesent ia4  unchanged. In what follars a most 

significant connection will be faund between iron-grq abundances and the 

time scale set by neutrino losses during the stellar stage jut prior t o  core 

This explosion occurs in 

I iraplosicxa aad 8laactle-enveLope explosion. The neutrino lasses are taken t o  

arise 

can then annihi l te  wlth the paroductim of neutrino-antineutrino paire accord- 

the f a n t i o n  at high tenq)erature of electron-positron paire which 

ine- 

e++e'  + v + v  
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the conserved vectar current 

Feynrpan and GeU-Mann (1958a, 

The measure of beta-interaction rates apprapiriate far the present purpoees 

is the rete of &mge of cme-half the 8verq3e ncutran-pruton difference per 

, 3 d(E-Z) dZ 
dt  d t  dt 

a - p  

- 
where  = ZBn(R,Z)/Zn(I?,Z), 2 = ZZn(N,Z)/Zn(N,Z), n(N,Z) i s  the nutnber of 

nuclei containing N neutrons and Z protons, and ?(N,Z) is  the mean llfetlme 

of these nuclei for beta-interactions. The positive sign is t o  be used for 

positron emlesion or electron capture and the negative sign for electron 

emission or poeltron capture. 

calculation of n(N,Z) as a function of the  r a t i o  of protone to neutrons, -fi. 
This is a task of considerable magnitude if texuperature and density are also 

!&e problem a t  hand involves first of a l l  the 

varied, and a computer p r o m  t o  accampllsh the purpose has been undertaben 

by C l i f f o r d  and Tayler (1964) a t  CambriQe University. Here we w l l l  fix on 

a temperat- end density using 8ome o f  t he i r  results and w i l l  discuss only 

i n  a general way what is essentially the "approach" t o  equilibrium In stellar 

nuclear processes. 

I Since I&" (1957) found that equllibriLm calculations a t  Tg = 3.8 gave 

excellent agreement with so&-system iron-group abundanCe6, end s h c e  th le  

texaperature I s  Just slightly above that at which the pure E-process en&, we 

w i l l  use this value in what follows. 

-8 Mc a 20 % FH (l.964) show that p6 = ~ / d  - 3.1, Ne = 4.8 X 

an8 pitmas  per &la, ne - 1.50 x 10% electrone 

Then in a s t e l l a r  cme with effective 

electrons 
3 poeitrone per an 
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the  dominant nuclew during the operation of the - e-process. 

The tenninaticm of the g-p~ocese a t  T9 3.5 followed by a slight rise 

in teaperahare and density upon contraction brings the material t o  T9 - 3.8 
with -fi 
lwer 

far n(H,Z) for a ser ies  of values far -0 a t  Tg = 3.8. A fixed value far -- 
serves as a constraint 011 the equilibrium process in the  memer described by 

B%H (1957; see pp. 577, 578). Dr. Tayler and Mr. CUfford have carried out 

abundance c e ~ c u h t i o n s  far -fi - 1.00, 0.975, 0.950, 0.925, 0.900, 0.875, 

0.8725, 0.870, 0.865, and 0.860 as part of t he i r  generalprogFam. 

between euccessive a e e  corresp~nda t o  rsj = 0.4 neutrons per nucleus h e n  

A(-@) - 0.025, 

expected for the typical w e  2$3128 + $em . Table 1 lists the principal 

components of the mater id  far various velues of -fi. 

1 end His6 the met abundant nucleus. Beta-processes will now 

For eubstitution in equation (2) one thus needs relative values 

The interval 

A t o t a l  cbange of 4.2 neutrons per nucleus is thus covered 88 

56 56 

Methods for calculation of the 'C(N,Z) under s t e l l a r  conditions have been 

described by FH (1964) . It Will be clear that  electron capture and poeitron 

emission are t he  inrportant beta-processes since the trend in s t ab i l i t y  is 

toward nuclei with a neutron excess. Under terrestrial laboratory conditioas 

positron eznission is more rapid than electron capture if sufficient energy is 

available in the nuclear transfarmation t o  produce the positron r e s t  mat38 and 

give the positron kinetic energy at least  comparable t o  its rest-mass eqyiva- 

lent  energy. Bowever, I n  denee eteller inter iors  the  electron density a t  the 

nuclew l e  cowlderably greater than in the undisturbed atan so that the r a t e  

S 
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of'electron capture l e  w a t l y  enhanced. The result is tha t  the protowto- 

nelitrw. cf;arGe 2x1 r&A.mctive nuclei which normally capture e l e c t m  or emit 

positrone l e  increased in rate and even etable nuclei, e.g., Ni5', have f a i r ly  

short Ufet+mee far cam of electrone having high energy in the t a i l  of the 

Reference to Table 1 Indicates that ' th6 nuclei which make hportant con- 

3 3 

The proton (4 x lo3 sec), Co 

tributione in equation (2) are: ~ 1 ' ~  (2 x 10 sec), ~i~~ (2 x 10 sec), 

N158 (5 X 10 sec), end Pea (4 x 10 sec). 

(2 x lo3 sec), and FeS (lo4 sec) also contribute. 

t ion fram 

1 4 4 55 

In  general the transforme- 

A t  -@= 1 = 1.00 t o  smaller values can be followed i n  Mgure 2. 

the principal conetitUents are NiS6, NiS7, and Cos'. These capture electrons 

or  emit poeitrons t o  becarpe cOs6, c057J and ~,55 respectively. The mS6 

m a t e *  becaanee 

2 eos6 -t Pes + NI5* + 4.45 MeV. Pea and NiS8 capture electrons t o  become 

MnS and Cos* which change by fas t  nuclear processes t o  Cr52, FeS6, and N i 6 0 .  

FeS5 and Co57 produce Mn5' and FeS7. 

~158 through fast nuclear processes since 

Eventually nuclear processes produce the 

equilibrium abundances which mairily reside In the stable nuclei which fonr the 

Ni60' 61962 (the l a a t  two nudlei are not shown) . 
stable Fea find NiS8 and also e8 etable Cr50 (not shown) and the  other rare 

Same material remains as 

iron-graup nuclei. 
1 

Table 1 gives the time intervale calculated using equation (2) for the 

changes thruugh -fi CI 1.00, 0.975, ..., to 0.860, and the tatal time t o  each 

value. 

h e  10 of the ra t io  of demitiee of free protone to  Free neutrons externel to 

the coqpleX nuclei. A8 pointed aut uy. (1957) e@llbriurn calculations 

Table 1 ale0 gives the quantity 0 - loglo ndn,) the logarithm t o  the 

, 
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quite simply  using 0 ti8 a parameter. It will be clear, however, 

the mare significant parameter. The coruputer progran of C l i f f o r d  

and Tayler (m) ementi- finds the values of 0 whlch yield the chosen 

values of -fi and calculates the corre~polading equilibrium abundandes. 

will be noted Inm~dia te ly  that, ea expected, very large ra t ios  of free protone 

t o  Pree neatrona ere rem external to the canplex nuclei t o  maintain the 

larger m e e  far -F,, e.g., e - 8.62 for -m = 1.00. IZI Si~r~ple p h y s i ~ a i  

t e r m  a dense atmosphere of prrOton8 i e  necessary t o  prevent the nuclei wlth 

Z = I F r a a  deceyiag to the rmre stable nuclei with Z < N. 
repubion between protone in the nucleus which leads t o  increased s t ab i l i t y  

for Z < N I s  seen t o  have a powerful effect. 

It 

L 

a 

The electrostat ic  

, 

B h  (1957) found the g p t h x m  correspondence between solar system Iron-group 

abundances and the calculated value6 for the case T9 = 3.8 and 0 - 2.5. 

have already Been t ha t  Tg = 3.8 is reached naturaUy in the stellas and nuclear 

evolution under dl8cussion. The new calculations of C l l f f o r d  and Tayler (1964) 

yield optimum reaults et 8 = 2.7 wfiich differs insignificantly frcnn t h e  B% 

values. 

beta-processes changed a-tely txo neutrons into protons i n  t h e  trans- 

formation f roan  material with NiS6 

FeS6 the mast abundant. 

We 

- -  
Correspondingly -fi = 0.872 and 3 A(N-2) - 2.0 showing that  the  

the most abundant nucleus t o  material with 

The comespandence between the observations and the calculations of 

Cllfford and Tayler (1964) I s  Il lustrated for the stable iron isotopes 

Fe 54p56,57,58 in Table 2. 

by dividing the  iron abundance by ma88 by the abundance of all the e q u i l l t r i m  

process element6 (V, C r ,  Mn, Fe, Co, Ni) using the solar spectroscopic data 

given by 

the iron ieatopee accardAng to the terrestrial isotopic abundance ratios.  

The solar- terrestr ia l  Value6 are those found f b s t  

(1961) . 5 r eeu l thg  value 73 per cent was then divided among 

7 



=le chozdritic iron abundance given by Suess and U r e y  (1956) is s w v f r a t  higiier 

process calculations by employing a slightly l m r  value for  the temperature 

without changing t h e  isotope rat ios  significantly, The calculated values in 

Table 2 have been obtained from the abundance6 of C3ifford anB Tayler (1964) 

given i n  part b Table 1 by asslgnlng a l l  o f  the material a t  mass 56 to Fe 56 

for example, on the  bas18 that if the equilibrium process texminated at a given 

value for -~ then mis6 and eos6 would siibsequently decay t o  FeS6 and so forth. 

The table shows that almost exad  correspondence is obtained a t  -- = 

0.872 or Q = log n d n ,  = 2.7 as noted previously. Tne time required for the 

4 electron captxres up t o  this point is seen t o  be 3.2 x 10 sec. T i s  value 

holds far a stax of nass M = 30 % with core mass Mc = 20 1% where T9 = 3.8 

and p6 I= 3, lare the  assumed equilibrium conditions. The mass M = 30 % is 
taken as  typical  of the  range 10 % < M  < 50 % for  ryPe II supernovae. In 

the calculations positron emission, electron enission, and positma capture 

nave been neglected r e h t i v e  t o  electron capture. 

, 

A t  still  lower zfi, as 

e c q l e t e  eC;irilfbrrim is attaiaed, all pzocesses, in par t i cLkr  pcsltron capture, 

mst be considered. The time required for  the f a s t  nuclear reactions t o  

re-estabush equilibrium as the electron captures take place has also been 

neglected. Tfiie is  justified since, for example, the lifetime of CoS6 t o  

CoS6(r,n)Cos - 10.07 MeV is sec a t  T9 = 3.8, p6 = 3.1. 
b 

It w i l l  be noted that the t i n s  required for a given c.hange i n  zfi or  i n  
-- 9 (I?-2) ra2idly increases a f t e r  zm = 0.672. 

0.675-0.850 rewres more than t e n  tines t h e  interval  required for the chscge 

0.900-0.875. 

Table 1 shows t h a t  the change 

Table 2 show that the  t o t a l  time fram LOO0 t o  0.850 i u  muore 

than six tines that r e w e d  to reach 0.872. Thus we are In positsx -. AI 

8 
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en answer to the question posed in the third parsgraph of t h i s  paper. 

time a c M h  pz~-d~te2 3Jv the r?C&,r%na ~ ~ S S P S ~  hav far W i l l  the beta-grocesses 

go i n  producin& nuclei Ki-th a neutron excess? 

In the 

To ansver this puestion it is necessary to  corxlpute the neutrino t i ne  

scale under the conditione of tenperature and density which have been reached 

in  a star with M e 30 

other Z - rJ nuclei produced in the a-process - t o  nuclei such a s  FeS6 with 

3 (N-Z) = 2. 

or 1.3.3 X 1017 erg 

losses. At Tg - 3.8 and p = 3.1, FH (1964) shov t'nat dUJdt - lo1' erg gm 

sec-' so the time scale is tv -1017/1014 -1000 sec -17 min. TiLs calcula- 

t i on  underestimates tv. Saaple Ni56 beans  t o  decay 8s soon as  it is first 

produced at the  beginning of the g-process. 

sum of the  interval  for the E-process, which FH (1964) estimate to be 4000 see, 

plus t h a t  for the Ni56-Fe56 transformation. 

5080 sec. 

when the  beta-proc&sses aperate to change NiS6 end 

In the X?i56-Fe56 transfonnation the energy release is  6.6 NeV 

which is reduced t o  - lo1' erg by direct neutrino 
-1- 

6 

Thw an upper limit for  tv is the 

This sum is 4000 sec + 1000 sec = 

The intermediate value, t,, -3000 sec, i s  tentatively adopted. 

The Value ju s t  adopted tentatively holds for the tine scale ax the ceriter 

of the  star. 

ature the time scale w i l l  be somewhat longer throughout the c ? r i t r " d  region i n  

which the Ni56-Fe56 transformation is taking place. 

t o  the final choice, ty .C 6000 aec. The Ni56-Fe56 transformation is re lat ively 

insensitive t o  temperature, aad no correction is necessary. 

Since the  neutrino loss decreases rapidly with decreasing temper- 

3ough calculations lead 

4 

However, it xist be recalled tha t  these calculations have been made for  a 

particular exaziqle, M = 30 %, of the  type of stars  which HF' (1960) su& :;tea 

Thus we Find tV -66ooo 6ec is considerably shorter than te "3 X XI sec. 

evolve to becw ! P y p  II supernovae, namely, stars for  w h i c h  

9 
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10 ?f, i 3i i 50 bb. 

sixihr ca lcuht iom for Mc = (u3) M, which niay be more real is t ic ,  shuw 

excellent correspondence between tV and tee 

s t e l l a r  names, 10 hb C M C 30 %, may well have contributed relatively mDFe 

- e-process material than the higher range, 30 % < M < 50 Vb. 

The care a s s  w8s taken t o  be 14c = (2/3) M = 20 %. 

In addition the lower range of 

Thus, it would seem tha t  puite close comespondence in the time scales 

exists for  e- i e+ * v + and for NiS6 + 2e- + Fe56 i 2v with a &versa1 

Fermi interaction for these t w o  types of beta-interactions i f  the stars in 

which SOW system 2-process material was praduced had masses 10-50 % as 

orlglnasly contenplated by EF (1960). 

The point under discussion here can be sharpened by a cansideration of 

the t h e  scale if e- + e+ + v i 

interval  3 < Tg < 4 can be e s t h s t e d  t o  be - 10 

the value - 10 

far Ni56-Fe56 is 4 6 x lolo sec - 2000 years or ample t lm for the beta-inter- 

wae not operative. Photon losses in the 
7 -1 -1 

erg @n sec rather than 
14 erg gm”’ sec” for dU,,/dt. Thus the photon-loss t l m e  scale 

actions to reduce -0 well below the  l a s t  values tabulated i n  Tables 1 and 2. 

Tne result, as sham in Table 2, would be, among other things, as enhancement 

in FeS8 and a decrease in Fe 54 cmpletely in variance with the t e r r e s t r i a l  

ra t io .  C l e a r l y  the time scale was not this long. Photon losses by the s t e l l a r  

material were not competent t o  decrease the tlme scale t o  the necessary value. 

On the other hand the neulxlno time scale s e t  by assigning the universal Fermi 

ioterection strength t o  the process e+ + e * v + 7 i n  the pre-supernova stage 
- 

of c;assive stars i s  claseJy that required t o  mtch the eiectron capture times 

involved in the formation o f t h e  Fe-isotopes and the other irO~-gro~p nuciei. 

The i s o t w i c  abundance ratios in any sample of t e r r e s t r i a l  iron are cizcim;- 

stantid. evidence for the Universality of the beta-interactions. 



This much can be asserted with some certainty: The t e r r e s t r i a l  iron 

lllassive stars of an energy loss mecha,?ism having a loss ra te  of the 

same order of mamitude as that  calculated for 

the basis of the universal Fermi interaction strength. 

A cnmment OA the ultimate values for -fl or 8 = log ndnA reached when 

e+ + e- + v + V 

the beta-interactions are i n  cazxrplete equilibrium is i n  order e t  this point. 

B% (1957) estimated 9 = 1.4 A-ann a consideration of the equilibrium between 

free neutrons and f'ree protons and electrons. This value is only an approxi- 

nation e t  best. 

protons and free neutrons and positrons, 

tha t  neutrinos and antineutrinos escape and do not enter into reverse reactions 

once produced. 

t o  naintain equilibrium a t  a given density and temperature. 

energy supply the equilibrium w i l l  depend more on the properties of the heavy 

nuclei than on those of the free neutrons and protons. "he electron-positron 

It does in principle cover the equilibrium Setween f'ree 

Tne diff icul ty  involves the fact  

This means, among other things, tha t  energy rmrst be supplied 

Granted this 

- 
r a t io  w i l l  be given as calculated by Fi (1364) on the besis  

Then when electron capture and positron emissicn are balanced exactly by 

positron capture and electron emission, equilibrium i n  the beta-interactions 

w i l l  have been reached. We fuund above that  it was not necessary t o  ea,- 

the calculations this far. 

the value of 8 and - &  for the ultimate equilibrium. 

these values a re  now being made by Clifford (1964). 

7 2 eT + e . 

Haiever, it is of considerable interest  t o  know 

Calculations t o  deten:ae 

The preceding analysis has been based on the assumption t h a t  8 uniqis 

abundance distribution characteristic of a p r t i c u l a r  f i na l  value for -0 or 

8 can match the observations reasonably w e l l .  However, it has also became 
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clear  in the discussion that the value reached by -fi through beta-interactions 

'depends on the t a  interval available for the 2-process and thus on the m~ss 

of the pre-supernma s t e w  core. fience, different abundance C i i S i Z i b U t i V I i G  

are produced in supernovae of different 11;8sses and the s o w  system iron-group 

abundances represent en apprupriete averaging wer abundance distributions 

characterist ic of a range of supernovae masses. 

out 8 detailed CalCuLatlon sloslg these lines a t  the present time but do wish 

We do not propose t o  carry 

t o  make 8 0 ~ E  C-nts on the poasibilities inherent i n  this l ine  of attack. 

Cllfford and Tayler (1964) have confirmed the findings of 3% (1957) tha t  

the calculated results for 8 near 2 . 7  ylela too l o w  values for the abundance6 

of Cr50 and NiS8 by a factor of the order of 10. 

distributions characterfstlc of varying time scales may serve t o  correct this 

defect in the calculated results. Consider a uixed abundance distribution 

with contributions *om low-mass supernovae (10-35 %) and fram high-mass 

supernovae (35-50 %). The first contribution will dominate on the reasonable 

basis that the lower-mess stars are sufficiently greater i n  number such tha t  a 

greater t o t a l  ma68 has been processed in lower-mass supernovae than i n  those 

of higher mass. The maJor contribution Will be characterized by a vsiue for  

0 6ILis;htly larer than the unique value which gives the optimam f i t  as described 

abave. 

case. 

Averaging over a range of 

Take -0 = 0.870, 8 = 2.48, 4 ( E f i )  = 2.08 as a possibil i ty for this 

Then, for example, Fe58 will be sognexhat greater than observed and Fe !A 

SCaneWhat lese. 

Now dilute  this abundance distribution with that  from very massive 

supernovae (-lo3 
beta-interactions t o  occur but is also too short for  certain nuclear processes. 

As His6 decaya t o  Cos6 the nuclear processes will quickly corivert the Co56 in to  

the mre stable nuclei having the 8ame I-Z value, namely, 2. 

i n  which the time scale i s  not o w  too short for meny 

50 These are Cr , 



Fefi and Ri58. 

ant a t  equLllbriusn. 

ejection of p and n Prcpn SCUTE CoS6 nuclei-and the addition of these p and n 

t o  atbere. As long as the numbers of f'ree p and n fire not changed t h i s  

reeults in the man molecular WaZ&lt pe!r nucleue remaining fixed a t  - 56. 

A c t u a l l y  equilibrium calculatiaars Indicate that 

decrease through capture so that the  mean atomtc weight 

for this ma6011. 

serve 88 seed nuclei for the synthesis of new iron-group nuclei by capturing 

p,n,a and the  mean mlecular  weight i n  the iron group might thus be changed. 

However, the equilibrium abundance of these nuclei i s  too small for t h i s  

process t o  'be effective. 

with I-Z = 2 is not very stable and hence not very abuad- 

The conversion of the C O ~ ~  is min3y accompllshed by the 

( t ree  protana) tends to 

tends t o  increase 
9p 

On the ather hand the Ught nuclei S=, Ar36, Ca40 can 

Bew irOn-group nuclei can also be msde by the formation of CE fzwn three 

alpha-particles followed by subsequent p,n,a captures. 

equilibrium density of algha-particles this process will be infrequent on short 

time scale. ho the r  ?ossibillty, but also mch too infrequent t o  be effective, 

is the camplete photodisintegr8tion of C056 nuclei into p,n,a with reassembly 

Into nuclei which do not necessarily hiwe mass rmm3er, A = 56. 

enough time scale this process does operate t o  decrease 

seem that nucleer processes which w i l l  change 

very short. 

t ion of the CoS6 must keep 5 = 56 or slightly increase it because of free 

proton capture. 

three for each CrS0 i f  

previaus3y it can be reasonably q c t e d  that €Z58 end Fe* w i l l  be the msz 

abundant i n  the short tinre-scale dis-butioa, Kith CrS0 enhanced over the 

abundance w c t e d  0x1 a ccmplete equilibrim calculation. 

Because of the low 

Given a long 

below 56. It would 

are too slow when t,, becomes 

Thus complete equilibrium w i l l  not  be reached and the transforma- 

It K J l l  be clear that  one Ni5' is needed for each res and 

remaim fixed a t  56, ag83.h neglecting 2,62. As stated 

Clearly  he additicn 



En 
of mch a contribution w i l l  tend t o  remedy the deficiency i n  Cr5', N i u u ,  and 

Fe This is borne arrt by the calculations i n  Table 1 

for -@ = 0.925 where cclqplete nuclear equiubrium is assumed, but even 60 

the  results show considerable enhancement i n  Ni58 and FeS. 

addition of sane NiS6 which has not decayed but which eventually becaries Fe 

will restore the Fe 

t h i s  dilution improves practically a l l  ra t ios  since with t h e  notaole exceptions 

of C r  , Fe 

-50 per cent for 8 = 2.48. 

time-scale distribution plus two p a r t s  long time-scale distribution wiL give'  

improved agreement with the observations. Our basic conclusion previously 

reached is reinforced, but now it is necessary to postulate soape s-process 

contribution f r o m  stars with M up to 4 lo3 % as well as  A.am M - 10-50 %. 

54 previously mentioned. 

Furthermore, the 
56 

I n  fact, 58 /FeS6 r a t i o  t o  a value close to tha t  observed. 

50 54 , and Ni58 the calcuhted rat ios  t o  FeS6 are i n  general high by 

R o u g h  calculations indicate t h a t  one p a r t  short 

14 



The discussion UP t o  t h i s  point has primarily been concerned with a 

detailed comparison of the ObserPed relative abundsnces o f t h e  Fe isotopes 

with equilibrium process calculations. 

V, Cr, and N i  with similar results. 

Similar comparisons can be made for 

The theoretical calculations will a lso  

yield the  relative ebundancee of the various elements i n  the iron group by 

suxning over the stable isotopes far each element. It is of interest  t o  

ascertain the  ranges i n  temperature and density which w i l l  yield calculated 

values i n  f a i r  correspondence with relative isotope abundances and then t o  

compare the elemental abundances corresponding t o  th i s  range i n  parameters 

with solar spectroscopic values and with meteoritic values. 

It w i l l  be clear fram the preceding discussion that it is advisable t o  

exclude CrS0, FeS, and NiS8 frcun the cmar i sons  of theory with isotopic 

abundances since no attempt will be made t o  average Over a range i n  time 
50,51 scales for the equilibrium process. Attention Will thus be confined t o  V 9 

t mS5, 52,53,& C r  

excluded since it 

subsequent t o  the 

64 Fe 56,57,58, Co5’, and Ni 60,61t62. 

has most certainlybeen produced i n  a neutron capture process 

equilibrium process . ) 

(The rare  isotope Ni is  

Table 3 lists percentage i s d o p i c  abundances (by number) for those 

isotopes of V, Cr, Fe and Ni which are under consideration. 

the sum Over t h e  isotopes considered has been adjusted t o  100 per cent. 

second coluum contains the  t e r r e s t r i a l  values. The last five columns list 

For each element 

The 

values calculated by Clifford (1964) for a range of temperatures frcan Tg = 2.6 

t o  3.9 and a range of densities from p = 10 t o  10 gm a-3. For each p, Tg 

combination, zfi  was varied as i n  Table 1 and the calculated resul ts  i n  closest 

accord with the t e r r e s t r i a l  observations have been tabulated. 

i n  values for  

5 7 

The small range 

in the five columns indicates tha t  the t i m e  s c ~ e  for the 



procesg as represented indi rec t ly  by this parameter, i s  the  c r i t i c a l  factor i n  

the theoretical  c a l c u h t i O m ~  

6 6 combination Ts = 3.0, P = 10 yields the best results for V; T9 = 3.6, p = 10 

the best for Cr and N i ;  T9 = 3.70, P = 3.1 x 10 the best for Fe, 

whole,Ts = 3.6, P = 10 yields the closest correspondence with t e r r e s t r i a l  

values. T M ~  cambination is scmevi=t superior to the B% values, T~ - 3.70, 
p = 3.1 X 10 . 
T9 = 3.0, P = 10 yield calculated values which deviate considerably f r o m  the 

t e r r e s t r i a l  values. 

L?sp?c%i~z cf the table  ideates tnat  the 

6 On the 
6 

6 5 It would appear tha t  the cacribinations T9 = 2.6, p = 10 and 
6 

Table 4 lists logarithmic abundance rat ios  (by nlrnber) for V, Cr. hh, 

Co, and Ni re lat ive t o  Fe. 

calculated values corresponding t o  the p,T combinstions of Table 3, while 

the Last three row6 list observation6 on the solar photosphere, the solar 

The first five rows below the column headings Ust 

corona and meteorites for comparison. Since t h e  theoretical  calculations were 

made only for the isotopic species listed i n  Table 3 (plus MnS5 and Cos’) it 

was necessary t o  make the calculations for elemental abundances a s  follows. 

I n  the  case of Cr, for  example, the 8m of the  calcuZated values for Cr52, Cr53 

and Cr& was multiplied by the  terrestrial value for  [Cr]/[Cr52 + CrS3 + Cr 1. 

Similarly the t e r r e s t r i a l  factor [Fe)/[FeS6 + Fe5? + Fe58] was employed in t he  

i ron  abundance maluation and then the calculation of log [Cr]/[Fe] led t o  the 

entry i n  Table 4. 

calculations wi l l  eventually give the relative abundances of CrS0, FeS and 

NiS0 correctly and that relative isotope abunciances are identical  for a l l  solar 

s y s t e m  material. 

t e r r e s t r i a l  iron group elements in those cases where meteoritic measurements 

have been made. 

s4 

This procedure tacitly assumes tha t  equilibrium process 

This last assumption is known t o  hold for meteoritic and 

16 



Before making a c q a r i s o n  of the theoretical  calculations with the 

observational material, a ccnnrnent on the latter is i n  order. 

that the abundances listed for s o h  corona correspond very c lose ly to  the 

meteoritic values. 

abundance6 relat ive to  iron are all higher by 8 factor frcgn -3 to - 5  than 

the coronal or meteoritic values. 

abundant in the solar photosphere than i n  the solar corona or the meteorites. 

This discrepancy has been w e l l  knuwn for same t i m e  and is a matter of 8ogpe 

controversy. 

t o  l e t  Table 4 speak for  itself. 

T9 = 3.6, p = 10 yields the closest correspondence with terrestrial  isotope 

ratios. The elemental abundances calculated for th i s  combination are i n  

excellent agreenaent with the photospheric values for V, Mn and N i  re la t ive to  

Fe but are too high by a factor of -2.3 for Cr and too luw by a factor -2.5 

for Co. I n  spite of the  uncertainty associated with these factors it is 

apparent t h a t  the calculations s q p o r t  the low relative abundance for  Fe 

reported for  the solar photosphere rather than the higher relative abundance 

reported for the solar corona and meteorites, 

preted is  a matter of considerable uncertainty a t  the present t i m e .  

It will be noted 

It w i l l  also be noted that the tabulated solar phatospheric 

I n  other wards iron appears relatively less 

It i s  not our purpose to enter in to  this controversy but rather 

It was indicated abwe tha t  the  cairnbination 
6 

Har t h i s  resul t  is to be inter-  

C l e a r l y  

there i s  more observational work and analysis t o  be undertaken. 

equilibrium process calculations must be -her refified and extended before a 

definitive comparison with m o v e d  observationalmeterial will be possible. 

This much can ‘be stated with some emphasis. Eventually the r e h t i v e  element 

.iduii~arices i n  the sun and i n  unfractionated meteoritic material must be made 

coIisistent with t e r r e s t r i a l  Isotope ratios. 

n e c e r s e q  t o  give qi the concept of the equilibrium process or, alternatively, 

the assmption tha t  e l l  solar Bystem materiel had the same nuclear arigin. 

Similarly 

Failing this,it w i l l  either be 

17 



III. IMPLICATIONS 

Neutrinos and antineutrinos obey Fermi s t a t i s t i c s  and i n  an expanding 

wdverse tney ro rm a degenerate Fermi sea a t  very l o w  energies. The effects 

of t h i s  universal Fermi degeneracy i n  various cosmologies has been discussed 

i n  de ta i l  by Weinberg (1962) and the reader is referred t o  t h i s  paper for the 

basic treatment of neutrino cosmology. 

astronolqy and astrophysics have been most extensively di6CuSsed by Bahcall (1964 

a,b,c,d) 

Neutrino and antineutrino effects in 

and by Bahca11 and h-autschi (196ba,b). Here we w i l l  content our- 

selves wi th  8 discussion of the  extent of neutrino and antineutrino emission 

by various astrophysical sources. 

given by Weinberg (1962) i n  Part IV of his  paper. 

Our discussion reviews and extends t h p t  

Our resul ts  w i l l  be ex- 

pressed as the ratio of energy emitted as neutrinos or antineutrinos t o  the 

rest mass energy equivalent of the emitting system and are given i n  Table 5. 

Nucleogenesis nay occur through the creation of neutrons and antineutrons 

or through the creation of protons and antiprotons. In  the former case beta 

decay probably occurs before other interactions but not, of course, i n  the  

l a t t e r  case. 

is approximately 0.5 MeV or - 5 x 104 of the  rest mass of the emitting 

I n  the former case the antineutrino or neutrino energy emitted 

particles . 
Nucleosynthesis involving matter begins with the conversion of four 

protons in to  he3lum with the emission of' two positrons and two neutrinos. 

The t o t a l  energy emitted is 7 x 

i s  emitted as neutrino energy i n  the pp-chain and 6% i n  t h e  CNO bi-cycle. 

I n  t h e  main-sequence and red-gient evolution of a s t a r  a minirmUn of one-tenth 

of the original r e s t  mass; of' this, 2$ 

and a meximum of two-thirds of the hydrogen is  converted into helium. An 

average value can be estimated on the b a s i s  tha t  observationally one-third 

of the hydrogen of the Galaxy has been converted in to  helium. Taking a l l  



of these factors in to  account it W i l l  be seen that  t o  order of magnitude 

-10 of the rest mass energy is  converted in to  neutrinos. A sinilar value 

holds fo r  antineutrinos i n  nucleosyrrtfiesis involving aniimstter. 

-4 

H e l i u m  burning either t o  carbon v i a  3 He4 -t CU or  t o  oxygen v t a  the 

additional reaction CE + He4 + 0l6 + 7 does nat involve neutrino o r  enti-  

neutrino emission directly. 

a low temperature that the pair annihilation process discussed i n  Part I1 is. 

not operative even if the universal strength of the weak interactions applies, 

Furthermore helium burning takes place at Such 

Fowler and H o y l e  (1964) show that heliun burning results i n  carbon pro- 

duction i n  s ta rs  with M C "10 % 
M > -10 YD. 

the r a t e  of the C (Ct,7)Ol6 reaction has not yielded t o  experimzztal measure- 

ments t o  date and only approximate theoretical estimates can be made. 

burning results in  the production of nuclei near Mg24 with l i t t l e  direct  

neutrino-antineutrino emission and takes place a t  too low a teqera ture  for  

pair  anrlihilation t o  be effective. 

of nuclei near Si28 with l i t t l e  direct neutrino-antineutrino er;ission but does 

take place a t  high enmgh teqera ture  (> 2 X 10 

t ion  t o  be effective and t o  dissipate practically a l l  of the nuclear energy 

if the universal strength o f t h e  weak interactions applies as suggested i n  

Part  11, 

neutrino emission is  - 5 X of the  rest mass. Subsequent t o  carbon or 

oqgen b-mning, the CY- and e-processes OCCUT i n  whicn heavier n w l e i  up t o  

the iron group a re  pmduced, 

t i ca l ly  a l l  of the ava ibb le  nuclesr energy i s  radiated i n  the forn of 

neutrinos and antineutrinos. 

so tha t  the neutrino-antineutrino energy emission i s  -3 x 10 

and in oxygen production i n  stars with 

There i s  considerable uncertainty i n  the  c r i t i ca l  mss because 
3 2  

Carbon 

Oxygen burning results i n  the  production 

9 degrees) for  ?air  amiihila- 

17 me nuclear energy release is 5 X 10 ergs gm-l so the neutrino-anti- 

Pair annihilation is  operative and agairi prac- 

-1 The nuclear energy release is  3 x 1C17 erGs gm 

-I: or' the rest 



mas;. Thus i n  s tars  with M < - 10 % nucleosynthesis beyond hydrogen lurning 

. releases -3 X loe4 of the rest m6s energy ia neutrinos and antineutrinos 
4 while for  M > -10 % the t o t a l  is - 6 X 10 . However,  i n  the smaller mass 

range a Larger fraction, say one-third, o f t h e  mass i s  caapletely evolved t o  

the  nuclear end-point than i n  the larger mass range where a fraction mre l i k e  

one-eighth can be conwniently taken as a good average. 

overall resdt is tha t  -10 of the t o t a l  rest mass is emitted as  neutrino-anti- 

neutrino energy. 

evolution in matter, -1.5 X 10 

0.5 X as antineutrinos an6 2 x in toto. For i ~ i e a r  evolution i i i  

antimatter the roles of neutrinos and antineutrinos are reversed. The argu- 

ments given i n  this paragraph a r e  those used t o  j u s t i e  tne private cnmrmrnica- 

t i on  referred t o  by Weinberg (1962) i n  footnote 9, page 1461. 

Thus in both cases the 
-4 

If we include hydrogen burning then in the fill run of nuclear 
-4 of the r e s t  386s energy appears as neutrinos, 

W e  have so far neglected the neutron capture s- and r-processes by which 

the heavier elements beyond A -60 are produced. On the basis of solar 

system element abundances only 

the s-process. 

weight i s  A -75. 

nucleus but only about seven or eight of these have been convertec into protons 

with the emission of an antineutrino so  vnat one additional antineutrino per 

10 nucleons i s  emitted i n  the s-process. 

order of 2 MeV conpared t o  t i e  nucleon r e s t  mass equivalent -10 MeV so the 

of the original mass has been through 

For tne heavy nuclei averaged Over abundances the m a n  atomic 

About twenty neutrons have been added t o  the typical seed 

The antineutrino energy is  of the  
3 

-10 averell  factor for antineutrino enission i n  the s-process is - 2  x 10 

For tiie r-Trocess, tine abundance i s  - 2  x 10 

but the antineutrino energy is of t h e  order of 6 MeV so  that  the overall 

factor is  -1 x 

neglected i n  comparison t o  nucleospthesis ui, t o  the iron groq elements. 

. 
-7 according t o  recent estimates 

It i s  thus clear t h a t  these processes can indeed be 
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The above discussion folluws conventional idea6 concerning mclear evolu- 

t ion i n  stars and galaxies. W e  now turn t o  new and somewhat more speculative 

ideas wMch have been mainly put forward i n  attempts t o  understand the strong 

radio saurces discovered i n  radio astronamy and the ultra-luminous quasi-rrtellar 

objects which exhibit large uptical red shifts. 

Accarding t o  Hoyle 8nd Fowler (1963a, 196%) and to Fowler (1964) the 

energy generation i n  the quasi-stel2sr o5jects can be understood in terms of. 

hydrogen burning so tha t  the neutrino emission factor is - 10 

problem i n  meeting the  energy requirements of the quasi-stellar objects,which 

we identify as msssive s ta rs  with M -110 

sources of the cores of these stars. 

which they are stabilized for  periods a s  high as -10 years. ff spherically 

symmetric and non-rotating, the hydrostatic equilibrium of these s ta rs  requires 

large inputs of energy (Farler, 1964 and Iben, 1963) and is unstable t o  general 

r e l a t iv i s t i c  collapse (Fowler, 1964, Chandrasekhar, 19dra,b, c 

19&). Eowever, rotation and fragaentation ( H o y l e  and Fowler, 1963~)  are two 

of numerous mechanisms which have been suggested a6 stabilizing agents- 

-4 . We see no 

%, by m a n s  of the nuc1ea.i- re- 

There is a problem in  the mechanism by 

8 i l  

5 

and Gratton, 

Tne energy requirements for  the strong radio emission *om radio gahxies  

a r e  so great according t o  some methods of calculation that  Hoyle and Fowler 

(1963a, 1963b) pointed out that  nuclear reactions i n  a galactic nucleus limited 

t o  less than I$ of the total mass would not suffice a s  the energy source. The 

release of gravitational energy during gra:ritational collapse was suggested a s  

an alternative out serlaus difficulties ar ise  i n  the energy emission cut-off 

due t o  the large red shifts which develop during collapse to t h e  Schwarzschild 

limit. "he problem is under extensive study i n  many places and u n t i l  such a 

time as 8 solution i s  reached we are coinpelled t o  proceed on the basis of 

direct analysis of the observations. If t h e  high energy electrons which yield 



- I_- 

the  radio synchratron emission are produced i n  proton-proton collisions 

(Eurbidge, 1962) then electron netrtrinos and antineutrinos plus won n e U t r h O 6  

and antfneutrc?E ere pEX??LCed idth  i=o-u&ly equal energies t o  tha t  of the high 

energy electrons. Take 10 ergs sec as a representative ra te  of emission 

Over a maldm~m t i m e  scale of 5 x 10 years ( ~ i n l r a r s k i ,  19~4) t o  obtain - lo6' 
ergs for  the energy emitted by the  high energy electrons and assign 8 similar 

value t o  the high energy neutrinos of all types. 

ga lades  do not show evidence for spectacuhr violent events le t  us assume 

tha t  a t  most 1% of the t o t a l  mass, most probably in the galactic nucleus, was 

a t  one time involved i n  the energy production. 

tha t  radio galaxles are probably quite massive of the order of 10 

we take -0.01 X lou X loa -10 

-4 involved. Again the value -10 is obtained for the  neutrino energy relat ive 

t o  t h i s  energy but here there is considerably greater uncertainty t o  be 

attached t o  this value than even in  our Ireviaus est imtes .  

44 -1 

0 

On the  grounds tha t  the radio 

Sandage (19&) has s Q e s t e d  
12 %. Thus 

ergs a s  t he  energy equivalent of the mass 64 

A s t i l l  m r e  speculative estimate ccn be made i f  one considers the prob- 

ability t h a t  the gravitational collapse of massive s ta rs  t o  t h e  SChwarZ6Child 

Exit occurs frequently with the resat that a considerable fraction of the 

mass of a galaxy eventually becames hidden or invisible i n  regard t o  the emis- 

sion of any form of radiation but s t i l l  produces a s t a t i c  gravitational field. 

Hoyle, Fouler, Wbidge and Burbidge (1964) showed that during the  collapse of 

a 114aSSive s t a r  the loss of energy i n  the form of neutrino-antineutrino pairs 

produced by electron-positron annihilation was substantial even though not 

great enough t o  reduce the  observable mass t o  zero a t  the Schwarzschild limit. 

Tneir expression for  the fractional loss a s  a function of the i n i t i a l  rest 

mass o f t h e  s t e r  can be written as  
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3 
' This fractional loss reaches a ma- value -0.15 for M - 2 x 10 % and is 

equal t o  0.06 a t  M - 100 PZ, and t o  2 x 

t h i s  loss aver 8 reasonable number-mss l a w  such 86 N(M) a M -2*4 for a l l  

stars with M >  -% then it is found tha t  the everage loss is about 0.03. 

Tie problem now reduces t o  speculation concerning the possible amount of 

6 at M - 1-0 Q* ~f m e  tsereges u 

invisible meee in gabides and in particular i n  the Galaxy. It does not seem 

possible that  considerations of the  dynamics o f t h e  Galaxy could rule c u t  a 

value around one-third and using this value we come t o  EJMc2 -0.01 for 

neutrino loss during the gravitational collapse of massive s tars  I n  galaxies. 

The estimate i s  admittedly quite speculative but it will be noted that it is 

the  order of 100 times the value obtained during conventional s tedsr  wolu- . 

t ion or i n  the  production of energy i n  radio sources. Furthemore it must be 

emphasized t h a t  even this result depends on the assmption that  the weak 

interaction is universe1 and that the coupling constant measured i n  beta decay, 

muon decay and muon capture applies t o  the annihilation of electron-positron 

pairs v i t h  neutrino emission. 

great relevance of new neutrino processes i n  cosmology as theoretical end 

Nevertheless the result  indicates the possible 

experimental research brings these new processes t o  light. 

Weinberg's calculations show that  on the bas is  of current ideas the 

degenerate neutrino sea w i l l  be observable, if a t  a l l ,  only i n  the oscillating 

cosmologies. However, his results serve t o  i l lus t ra te  the main thesis ofthis  

paper. 

t o  the Fermi energy, %, by the well-known expression 

The mass density equivalent of the neutrino energy density I s  related 
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. for  % i n  eV. 

end point of the energy spectrum in beta decay and present results set an 

upper limit, 5 < 200 ev. 

gn which is times the nucleon rest mass density of' 10 @ 

required i n  steady state comnologv which i n  turn may be one or two orders of 

magnitude greater than tha t  observed in luminous stars. 

be noted that 

form of neutrinos. 

a U y  i n  t e r r e s t r i a l  laborstories with present techniques. 

techniques i n  physics Kill certainly inprove i n  the future but i n  the meentine 

observations of the cosmic neutrino flux must be pushed t o  the li.zi'-t i n  

a s t r o n w .  We do not argue f'rm ignorance either i n  the sense of McVittie 

(1964) or  Bondi (1964) but we do argue that  form of mass-energy which are 

diff icul t  t o  detect cannot necessarily be ignored. 

universe is  not transmitted by photons alone! 

5 can be m ssured by observations on the -ehavior near t h e  

T M ~  corresponds t o  an upper limit, p, < 5 x 
-29 

Alternatively it win 

% -0.01 eV i f  the "missing" mass-energy is indeed in the 

c k a r l y  t h i s  lar value is impossible t o  detect experiment- 

The experimental 

Infornation about the 
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-2.44 

-2.02 

-1.50 

-1.01 

-1.28 

-1.57 

-2.04 

-0 . 91 

-0.76 

-0.68 

-0.54 

-0.57 

* 
-0.56 

-2 95 

-2.59 

-2.22 

-2.06 

-2 05 

-1.83 

-2.26 

-1.06 

-0.96 

-0 75 

-0.79 

-0.75 

-1.U -2.77 

-1.14 -1.81 

~~ 

-2.53 -1.34 ME!ZEORITEs 

Suess & Urey (1957) 
-3 044 -1 89 -1.94 . 

)c 
Uncertain 
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TABLE 5 

FSEUTRINO ENERGY EMISSION 

-4 - 5 x 1 0  

N u C ~ O S Y N T € = I S  
-4 m m m  ~ I N G  

HELIUM I3uRKmG 

cARf3oN "I%G OR OXYGEN BURNING 

4p + a + 2e+ + 2v - 10 
3 He4 + cZ, 4 He4 + 0l6 0 

+ a- and e-PROCESSES C= or 0l6 + Fe56 + 2v - 
- + +PAlRAlJNIKuATIoN e + e  * v + ?  

-10 liEUTR0Ii s- and r-PROCESSES (A > 60) - 3 x l O  

m. m. coI3A9sE * INVISIRLE MASS M - l O Q %  - 0.06 

- 
e + + e  + V + F  M -  2 x lo3 % - 0 . s  

-4 - 2 2 x 0  6 M - - 1 0  % 
N(M) a M-*04 - 0.03 

Oh%-THIRD HIDDEN (W) ,< 0.01 

* 
Note that mon neutrinos and antineutrinos are emitted i n  this case qnd 

that  high energy resonant scattering is possible for the electran neutrinos 

and antineutrinos (see references by Bahcall and by Bahcall and Frautschi) . 
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F i g ,  2, 'he flow 09 nuclear material in the 8 ,Z-pae  during the equilibrium 
or e-process ahwing the effects of the slaw beta interactions clod 

the rapid nuclear lnteractians. The a7procees reeulta maw in the 

Fe* (not &sua), 
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